INTRODUCTION
negative factors in early fruit development steps. In Arabidopsis, loss of function of at 111 least four out of the five DELLAs promotes facultative parthenocarpic fruit growth 112 (Dorcey et al., 2009; Fuentes et al., 2012) . DELLAs also control other aspects during 113 fruit development, such as endocarp degradation and lignification, which are 114 respectively delayed or advanced in the loss of function mutant of the GA receptors 115 GID1 or in the della global mutant, (lacking all five DELLAs; thereafter known as 116 global mutant) (Dorcey et al., 2009; Gallego-Giraldo et al., 2014) .
117
Despite all these data, very little is known about the role of GAs during early 118 pistil ontogeny, except for valve margin differentiation (Arnaud et al., 2010) . 
137
Numerous genes involved in integument patterning and growth have been 138 identified (Sieber et al., 2004; Battaglia et al., 2009; boundary maintenance and promotes the laminar growth of the inner ovule integument.
142
Loss of the ATS function in the ats-1 mutant leads to the fusion of the inner and outer 143 integuments that grow as a unit to produce a single fused structure. As a result of this 144 fusion, ats-1 seeds are abnormally rounded and variable in size (Leon-Kloosterziel et 145 al., 1994; McAbee et al., 2006) .
146
Here we describe the implication of GAs as negative factors in integument 
RESULTS

161
DELLAs participate in seed formation 162 Constitutive GA signaling in Arabidopsis multiple DELLA loss-of-function 163 mutants gives rise to fruits with fewer seeds and shorter in length than those in Ler
164
(WT) plants (Cao et al., 2005; Dorcey et al., 2009 ). To gain a better picture of the role 165 of GAs in seed development, we thoroughly analyzed the number and morphology of 166 the seeds in the global mutant (the quintuple gaiT6 rgaT2 rgl1-1 rgl2-1 rgl3-1 mutant).
167
All the assays were carried out in fruits from emasculated flowers pollinated with WT 168 pollen to ensure that only maternal effects were tested. The seed number of the global 169 mutant lowered by 60%, while fruit length shortened only by 30%, which resulted in 170 lower seed density per fruit (Fig. 1, A and B) . In many species, including Arabidopsis, 171 fruit size correlates with seed number (Cox and Swain, 2006) , which suggests that the 172 facultative parthenocarpy of the global mutant, due to constitutive GA signaling, may 173 account for the further elongation of these fruits and lower seed density. While mature 174 fruits of WT plants had seed-filled siliques, the fruits of the global mutant had many 175 aborted seeds (Fig. 1C) . More importantly, the global mutant mature seeds were 176 irregularly round in shape and smaller than the WT seeds (Fig. 1, C-E) . The della 177 quadruple mutant of GAI, RGA, RGL1 and RGL2 showed a similar phenotype (shorter 178 fruits, fewer and rounded seeds, and parthenocarpy), which indicates that the function of 179 these four DELLA proteins were required for proper seed development, and that RGL3 180 was not involved (Supplemental Fig. S1 ; Dorcey et al., 2009) . In contrast, any of the 181 four triple della mutants of GAI, RGA, RGL1, and RGL2 showed parthenocarpy or 182 defects in seed morphology, which would suggest that both processes share a common 183 genetic basis (Supplemental Fig. S1 ).
184
The testa of the global mutant seeds was defective (Fig. 1D) The della global mutant has defects in integument development
211
The testa is differentiated from ovule integuments (Beeckman et al., 2000) .
212
Therefore, the majority of mutants with structural defects in the testa are affected in 213 integument development. Figure 3 shows ovule and seed development in the global 214 mutant and WT. At early ovule development, no clear distinction was noticed (Fig. 3A) ,
215
but altered growth of integuments was observed at stage 3-II in the global mutant 216 (Schneitz et al., 1995 Par1 proteins) family of putative TF genes which play roles in leaf polarity and 235 expansion, and also in ovule development (Eshed et al., 2001; McAbee et al., 2006) .
236
To facilitate comparisons, the data from ats-1 are shown along with data from proportional reduction of seed number and silique length, resulting in a ratio similar to 240 WT (Fig. 1, A and inner integuments were fused, with no separation space between them from early 247 developmental stages (Fig. 3A ) (Leon-Kloosterziel et al., 1994; McAbee et al., 2006) .
248
In contrast, at stage 3-II, integuments of ats-1 arrested growth and did not extend 249 beyond the embryo sac, similarly to the global mutant (Fig. 3B) . Defects in testa during 250 seed development of both global and ats-1 were also very similar (Fig. 3, D We have shown that the ovule and seed defects of ats-1 closely resembled those 259 of the global mutant. Interestingly, ats-1 also showed GA-related phenotypes (Fig. 4) .
260
The ats-1 plants had similar alterations in germination and flowering to those observed did not affect embryo viability as the germination rates were high, especially in PCB. 
ATS inhibits GA biosynthesis
288
We hypothesized that an increase in GA content in ats-1 could be the reason for 289 the GA-related phenotypes described above. gai-1 showed elongated seeds, the double gai-1 ats-1 had round seeds that were similar 376 in shape and length/width ratio to those from ats-1 (Fig. 8 ). In addition, the seeds of the 377 double ats-1 gai-1 showed viviparism, as in the single ats-1 and the global mutant ( Fig.   378 8A, inset). In contrast, the overall seed size of gai-1 ats-1 was somewhat larger than 379 those from the single ats-1 (Fig. 8 , B and C), which indicated that the gain-of-function
380
of GAI may promote cell elongation in both the major and minor axes of seeds (Vivian-
381
Smith and Koltunow, 1999). The fact that the dominant gai-1 was unable to overcome 382 ovule defects in ats-1 implies that the ATS-DELLA physical protein interaction may be 383 the molecular mechanism by which GAs play a role in integument development. 
DISCUSSION
388
In this study we report the role of GAs in the control of integument development DELLAs, which would strengthen the protein complex (Fig. 9) (Mitchum et al., 2006) were obtained from T-p. Sun (Duke University, USA).
463
Fertility was assayed in hand-emasculated flowers 1 day before anthesis and 464 hand pollinated with WT pollen at anthesis. Fruits were collected at maturity (14 days 465 post-anthesis, dpa), seed number was counted and silique length was measured with a 466 digital caliper. The ratio (seed number vs. silique length) was determined.
467
Parthenocarpy was assayed in hand-emasculated flowers, which were not pollinated.
468
Germination was assayed in 2-3-week old seeds, plated in MS, stratified for 3 469 days at 4°C in the darkness. Germination was scored 3 days after incubation at 22°C as with a MBS T80/R20 dichroic (561 nm and 545-570 nm excitation and reflexion, 509 respectively). PI staining was excited at 561 nm and detected at 580-660 nm.
510
For thin sectioning in Figure 3D and E, fruits were fixed overnight in 4% (w/v) 
Quantification of GAs
517
GAs were quantified basically as described by Seo et al. (2011) . Three-day-old 518 seedlings were extracted with 80% methanol-1% acetic acid, and extracts were passed 
525
GA 34 and GA 51 were used as internal standards for quantification.
527
In situ RNA hybridization
528
Inflorescences were embedded, sectioned and hybridized as described 529 elsewhere (Weigel and Glazebrook, 2002; Gomez et al., 2011) . The partial clone for 530 ATS.1, corresponding to the complete codifying sequence, was cloned in the pGEM-T 531 easy vector (Promega). Sense and antisense probes were synthesized using the SP6 and 532 T7 RNA polymerases, respectively.
534
Yeast two hybrid.
535
Full-length ORFs were first cloned in pGEM-T (ATS.1 and ATS.2) or pBSK 536 (KAN1), and transferred into pGADT7 (Clontech) by EcoRI-ClaI digestion-ligation.
537
The M5-truncated versions of cDNA for GAI and RGA (de Lucas et al., 2008) BiFC assay.
546
The BiFC assay was carried out basically as described in Belda-Palazon et al.
547
(2012 
RGL2
. Flowers were hand-emasculated and fruit or pistil length was scored at 12 dpa.
672
Data are the mean±SE of three independent experiments, each one from 40-50 flowers. 
